In this paper we show that the neutron spectrum from high-energy deuteron bombardment of a thick Li target is suitable for simulation of radiation effects in a fusion reactor. Neutron spectra from 15, 20, 25, 30 and 35-MeV deuterons incident, respectively, on a 2-cm thick Li target are reported. For these spectra, a recently-developed computer code was used to evaluate damage-energy cross sections, primary recoil energy distributions, and spectrum-averaged reaction cross sections in several metals. The results indicate that a (d,n) source can simulate the energy dependence of the recoil spectra, and the rate of helium production anticipated in a real fusion reactor
Introduction
Intense neutron sources are required for in situ measurements of physical property changes, transient radiation effects, and neutron dose-rate dependences and for blanket studies associated with fusion reactors. 1 Large-volume experiments must be conducted with samples at high or low temperatures over long periods of time at fluxes exceeding 10l14n cm-2sec-1.
In many cases it will be desirable to alter the neutron spectrum to simulate that anticipated at different positions in a hypothetical fusion reactor. All of these considerations lead us to the conclusion that an accelerator-based source is the most versatile one attainable in the next decade.
From the viewpoint of CTR radiation-effects studies the usefulness of this source depends upon positive answers to two questions. First, can a neutron source of high flux in an adequate volume be produced? Second, with respect to radiation damage, can the neutron spectrum of the source be used to simulate effects that are anticipated in a typical fusion reactor? These two aspects of the Brookhaven intense neutron source based on a high-current deuteron LINAC are under investigation.
To explore the first question, we have measured the thick-target neutron spectra and yields from the Li(d,n) reactions as a function of incident deuteron energy. In order to investigate the second question, we are using a program developed at Brookhaven to compare the radiation-damage effectiveness of diverse neutron sources.
Li(d,n) Spectrum Measurements
Using the neutron time-of-flight spectrometer at the Naval Research Laboratory Cyclotron,2 we have obtained neutron spectra from the (d,n) reactions in a thick lithium target. Data The energy of the deuterons incident on the Li target was approximately 0.5-1 MeV lower in each case because the deuteron beam passed through 0.005 cm of aluminum and 7.5 cm of air before entering the target.
At 13.42 and 34.06 MeV, angular-distribution data were taken for angles of 0°, 50, 100, 150 and 200. In addition, Be(d,n) data were obtained for comparison with earlier NRL results taken when the Be target was inside the cyclotron vacuum chamber. These data established that the effect of using the target in air rather thah in vacuum was negligible.
The datawere collected in a multiparameter mode and were reduced to absolute yields in units of neutrons/sr-C-MeV as a function of neutron energy. The neutron spectra then served as input to the BNL code 3 which generates those radiation-damage parameters necessary for the evaluation of neutron sources as simulators of CTR neutron damage. Figure 2 exhibits graphically the dependence of the mean neutron energy at 0°, <E (00)>, upon the incident deuteron energy. The figure shows that <En> lies between 0.4 and 0.55 times the incident deuteron energy, approaching the lower value as the deuteron energy increases. For a given energy <En> varies only slightly as the scattering angle increases, whereas the yield decreases with increasing scattering angle. The results confirm the fact that the forward direction is strongly favored in the (d,n) reactions. The yield at 10°, for example, is slightly more than onehalf that at O°for 34.06-MeV incident deuterons. 
where a(E) has the same meaning as above, K(E,T) corresponds to p(E,T), and g(T) is a more general form of v(T).
cent. 
Results
The neutron spectra obtained in the (d,n) experiments were put on a common 47-point energy grid by means of linear interpolation between the original data points. Values of the spectrum for low-energy neutrons were obtained by linear extrapolation to E=O from the lowest energy measured. This last approximation is not very good, but the low-energy neutrons contribute so little to the important radiation-damage parameters that a better approximation was not sought.
Examples of the Brookhaven results for Nb given relative to unit flux are listed in Table II-a for the Li(d,n) measurements, and in Table II-b for other sources. It is difficult to find acceptable values for total fluxes in other sources, but for the fluxes listed in Table III , the number of dpa/sec and the rate of induced gas production in Nb are given in absolute units.
The results of the calculations for niobium include the normalized primary recoil energy spectrum, various spectrum-averaged cross sections such as <an >, and the damage energy cross section, <ED>.
As anticipated, the recoil spectrum shifts to higher energy as the deuteron energy increases. The spectrum-averaged damage energy cross section and the spectrum-averaged (n,c) cross section also increase with increasing deuteron energy. However, while <a > increases by a factor of three between 13.42 and 34.06 MeV, <ED> only increases by about 46 perquantities are especially useful for comparison with other existing or proposed simulation or 14-MeV neutron sources. In fact, Table II-b gives values of  the same parameters as Table II -a for several other neutron sources. Spectrum-averaged quantities were calculated for unit neutron flux.
A comparison of Table II-a and II-b is very revealing. The entry labeled BENCH in Table II-b represents the first-wall neutron spectrum calculated on the basis of a standard blanket design."1 If we adopt this spectrum as our reference, then we can draw the following conclusions concerning (d,n) neutrons for the deuteron energy range under consideration.
1.
The value of <a > exceeds the BENCH value by at most a factor of 3 when Nb is exposed to (d,n) neutrons. Other sources fail to produce an equivalent amount of helium by orders of magnitude except in the case of a 14-MeV source for which <a > is larger by a factor of 4.5. The (d,n) source leads to a damage-energy cross section that is very similar to that from 14-MeV neutrons. Both sources exceed the BENCH value by about a factor of two, the 14-MeV value differing somewhat more than the (d,n) values.
3.
The ratio of damage-energy cross section to (n,a) cross section can be regarded as a measure of the ability of a source to simulate the simultaneous generation of defects and helium. For the (d,n) source, this ratio always differs by less than a factor of two from the BENCH value. For the appropriate deuteron energy, X 23 MeV, the ratio can be made to agree almost exactly with the BENCH value. 
4.
The total damage energy per primary recoil is between a factor of 3 and 5 times larger than that for BENCH. The 14-MeV source value is about four times larger than the BENCH value, while values for other sources are lower by factors of two or more.
5.
It is evident that by varying the energy of the incident deuterons, the v4lues of relevant damage parameters can be varied according to the required simulation demands. Table III illustrates in an absolute sense the value of a Li(d,n) source on the basis of displacement and gas production rates. There are some special cases such as Ni, for which HFIR is an excellent source because the helium production rate is very high. Generally, however, the Li(d,n) source comes closest to reproducing the simultaneous displacement rates and gas production rates expected in the first wall of a fusion reactor.
Conclusions
On the basis of this analysis, it appears that a 15-30-MeV deuteron LINAC would satisfy the requirements of a CTR neutron simulation source. The mean energy of the neutrons could approximate that of a BENCHMARK spectrum or could be altered to more closely match that of other sources. As the yield increases
